cations of the lymphatic system have only been incompletely described.
There has been a tendency to use the same nomenclature for the terminal lymphatics as for the microscopic blood vessels, despite substantial differences in their size and arrangement . The smallest lymphatics are thinwalled endothelial channels, but they are 5-8 times as wide as the blood capillaries.
The terminal lymphatic network does not have a regular pattern of distribution and its full extent is dificult to recognize even in thin tissues such as the mesentery.
In most instances, portions of the network of lymphatic vessels can be brought into view by injecting into the tissue a dye that is quickly taken up by the contiguous microscopic lymph channels ( 19) . The vessels are wider than even the largest collecting venules, so that the term "capillary," meaning hairlike, would be a misnomer here. Casley-Smith (2) h as suggested the term "initial" Iymphatics for the flattened, irregular netkvork of channels that make up the beginnings of this system. We have adopted the term "terminal lymphatic" to cover all of the different lymphatic vessels believed to be involved in uptake of materials from the interstitium and the term "collecting lymphatic channels"
where the vessels become confluent and begin to show the presence of valves.
In recent years, the work of Hauck (12) on the mesentery of the rabbit has emphasized the extraordinary richness of the lymphatic network and has described some of the details of their disposition and properties through the use of a modified dark-field procedure and the injection of fluorescent-tagged substances. Oui~ own experience has shown that the complete network of lymphatic vessels at the microscopic level could best be determined by using a micropipette to inject a dye-colored protein solution directly into the network and taking serial photographs of its rapid spread (28). The present study deals with the structural and functional attributes of the terminal lymphatic svste'm in the mesentery and omentum as established by microrrlanipulativc procedures.
Special emphasis was placed on the distribution of pressures in the lymphatic tributaries, in the hope that such measurements would shed some light on the question of tissue pressure.
METHODS
The observations reported in the main represent the study by intravital microscopy of the lymphatic origins in the mesentery of the cat and in the omentum of the rabbit. In addition, a small number of experiments were carried out on the mesentery of the rat because of the highly contractile nature of the collecting lymphatic channels in this tissue (1 system to inject a small volume of saline. When the microprobe was in the interstitium, great resistance to injection was encountered ; however, when the pipette tip was free in the lumen, the injected bolus flowed smoothly into the vessel and brought into view lymphatic channels in almost every area of the mesentery, much of which has been described.
With such a procedure and use of a dye-colored solution (0.1 M Evans blue), the majority of terminal lymphatics in the mesentery were found to be distributed as an interconnecting network.
As seen in Fig. 1 (Fig. 2, A and B) . The number of such blind lymphatic terminals is comparatively small in comparison to the many interconnecting vessels. The distribution of the terminal lymphatics, as shown in Fig. 2A , is taken from the mesentery of an animal exposed to whole-body X-irradiation, where slight mechanical tension or stretching during preparation for in vivo microscopy leads to a rapid filling of the terminal lymphatics with red blood cells. These bulbous structures can be seen in the interstitium proper of the mesentery either away from the blood vessels or with the rounded portion abutting against a small venule. The blind endings are clearly demarcated by a thin endothelial wall (Fig. 2, B (several microns thick) and are distinguished by the presence of valve leaflets (Fig. 5 ). These valve leaflets are almost transparent and are spaced at intervals of 400-1500 pm, again with no discernible consistency, except that they are uniformly present where two such channels become confluent. Frequently in the region of the valve attachment to the vessel wall, the vessel appears to have a pinched appearance, not unlike a hooplike constriction.
The leaflets are thin and appear to have a funnellike shape. Despite their fragile appearance, the valves were found to withstand retrograde pressures up to 20 mmHg imposed by microinjection.
As indicated later in this paper, these larger, lymphatic channels are muscular and show both spontaneous activity and localized responses to microneedle stimulation.
Lymfihatic pressures. Micropressures could be recorded in any of the vessels described above. In Fig. 6 ranged between 0 and 3.5 cmHz0 and averaged 1.6 f 2 cmHz0.
The absolute pressures were not the same in apparently similar lymphatic terminals in a given preparation, but 90 % of the values were in the above range. Negative pressures of -0.5 to -1.0 cmHz0 were registered on occasion. When the pressure in a particular lymphatic was observed for 15-30 min, PL tended to rise and fall; e.g., pressure would rise slowly from 0.5 to +3 cmHzO over a period of 3-4 min and then would return more abruptly to its low point in 5-10 s.
In the rat mesentery, where the larger collecting lymph channels showed considerable spontaneous activity, the pressure fluctuations in the terminal lymphatics for the most part were related to the vasomotion of the contractile lymphatic channels. For example, pressure (PJ fell to 0 or even -1 cmHzO during the relaxation phase of such vasomotor excursions in the terminal lymphatics.
In the omentum, where the terminal lymphatics formed an extensive network, the pressure in these vessels remained reasonably constant. This may possibly be related to the fact that the total volume of these saccular vessels was calculated to be much larger (5-10 times larger) than the volume of the intervalve segment of the collecting lymphatic channel into which they drained. Pressure in collecting channels. As the terminal lymphatics converged to form collecting channels, Pr, rose progressively in each intervalve segment until in the largest channels, at the apex of the mesenteric sector, pressures of 12-18 cmHz0 were recorded.
Not only were the absolute levels of PL higher but the pressure tracings began to show a clear-cut pulsatile form. The accompanying composite (Fig. 7) shows the pressure distribution in the different-sized lymphatic vessels in the rat mesentery and characteristic pressure tracings for each segment.
It should be noted that the amplitude of pressure excursions increased as the lymphatic system was followed cen-trally. These pressure excursions closely reflect the spontaneous contractile activity of these collecting channels, as well as mechanical movements of the tissue (respiratory movements, peristalsis of the small intestine).
By inserting one micropipette above the entrance to a valve leaflet and a second micropipette below the valve, it was possible to measure the pressure required to open or to shut these valves. This was accomplished in several ways. Recordings were made during the spontaneous opening and closing of the valve. Also, it was possible to use one pipette as the sensor and the second to deliver a pulse of fluid. In the latter experiments it was found that an increment in pressure of as little as 1.0-1.5 cmH20 was sufficient to open a closed valve. In general, the pressure differential across successive valves was of this magnitude (Table 1) . Despite their delicate appearance, the valve leaflets were able to withstand retrograde pressures of up to 20 mmHg without becoming incompetent. When pressure in the collecting lymphatic channels was increased by the local injection of a minute bolus of fluid, the pressure rose sharply and the proximal valve closed briskly. In turn the distal valve opened and PL fell off smoothly.
Within the mesentery proper, the collecting lymph channels contained on the average four to five valves before they reached the apex or root of the mesenteric sector, where pressures as high as 12-18 crnHz0 were recorded in the most distal segment. Pressures were found to fluctuate more in valve-containing segments than in terminal lymphatic vessels, presumably due to active vasomotor excursions and to passive compression of these channels.
Spontaneous aasomotion. As in the case of the small blood vessels, a cyclic pattern of vasomotor activity was seen in the collecting lymphatics and ranged from partial narrowing of the vessel to complete obliteration of the vessel lumen. Spontaneous activity was best studied in the mesentery of the rat or guinea pig. There were considerable differences in both the rate and intensity of such periodic activity under different conditions (Table  2 ). In contrast, lymphatics in the mesenterv of the cat and rabbit or in the omentum of the Two intrinsic factors could be identified on the basis of pressure measurements.
The first was related to the periodic contraction and dilation of large vessels. A comparison of the time course of the pressure tracings to that of the contraction-relaxation activity could be made by superimposing the pressure recording on the video tape recording of the contractile activity. The close interdependence of the two phenomena strongly suggested that the spontaneous activity represented a form of myogenic activity. In any particular vessel, it was possible to predict precisely the onset of contraction by the level to which the PL rose. In other words, there was a threshold pressure above which there was an immediate contraction that raised the pressure by an additional 2-4 cmHn0; the pressure then fell as the fluid was forced through the downstream valve into the next segment. secondary fluctuations appeared to be related to the peristaltic movement of the intestinal wail and were quite irregular. Closer analysis of a representative pressure tracing in a contractile lymphatic (Fig. 8) shows that PL rose rapidly to a maximal level and then fell as the downstream valve was opened. As PL begins to fall, the vessel relaxes; as a consequence, PL may fall to as much as 3 cmHz0 below its original level. Contraction-relaxation cycles occur at between 10 and 18/min. An average cycle occupies about 3-4 s. The contractile event is short (0.8-1.0 s), whereas the relaxation phase develops more gradually. The spontaneous activity in these collecting lymphatics usually begins in the smallest tributaries and spreads centrally in a peristaltic wave that requires some 4-5 s to move from the smallest to the largest lymphatics in these preparations. If one charts the percent change in vessel diameter for a given vessel segment (Fig. 9) 8 min, the systemic pressure was brought down to 60-65 cmHn0 (or 45 mmHg) where it remained for almost 60 min. The PL fell slowly but continuously from 1.5 cmHz0 down to -I .O cmH20.
Coincident with this fall in PE, plasma colloid osmotic pressure dropped continuously, reflecting a net uptake of fluid from the interstitium equivalent to almost 20 % of the original plasma volume. Within 2-3 min after blood replacement, PL levels returned to normal, as did the microvascular variables that were measured.
An interesting counterpart of this situation (Fig. 11) was created by the intravenous injection of concentrated serum albumin sufficient to raise plasma colloid osmotic pressure by almost 15 %. The colloid osmotic pressure remained elevated for over 60 min. It can be seen that PL fell from a steady state of 3.0 cmHaO to 0.5 cmHz0 over a period of 6-7 min but then gradually returned to control levels over a period of 30 min, well before plasma colloid osmotic pressure had returned to normal. by a fall in PL, which then returns to control levels before plasma colloid osmotic pressure is normalized. brought out in the present micromanipulative studies of the lymphatics.
Dye-colored solutions were injected directly into the network vessels to enable us to better define their distribution and it was thus possible to examine the permeability of the vessel barrier, presumably in large part the property of the lymphatic endothelium.
Either a mixture of a balanced electrolyte solution containing 0.1 M Evans blue or a dye-albumin complex (0.5 M Evans blue + 5 g albumin/ 100 ml) suspended in isotonic saline was used. One microneedle was used to inject the electrolyte-dye mixture into the terminal lymphatic, and a second needle served to monitor the pressure that was generated.
Care was taken not to elevate PL by more than 2-3 cmHz0.
As seen in the accompanying photographs (Fig. 12A) , there was a uniform diffusion of the dye across the entire surface of the lymphatic into the interstitium. In contrast, when an albumin-dye solution was injected into the terminal lymphatic, the material was retained inside the vessel except for small focal leaks (Fig. 12B) .
Both mixtures were also injected into the larger collecting lymphatic channels and remained intraluminal.
There was no evidence of extravascular diffusion or leakage of dye. There was thus a substantial difference between the permeability of the terminal lymphatic network vessels and that of the larger, thicker walled collecting channels. phatics are laid down in the form of an interconnecting network that in the main follows the pattern of the small arterioles and venules. The components of the network have a thin wall, not unlike that of the true capillaries.
As in other tissues, a small number of blind lymphatic tubes extend into the vascular areas of the interstitium. In the omentum, these blind outpocketings assume bizarre shapes similar to the bulbs seen in the bat wing and in all instances the smallest lymphatic channels are at least 3-5 times wider than the blood capillaries.
Fluid spaces have been reported in the interstitium of the rabbit mesentery (12) and are believed to be related to the lymphatic system. In none of the different tissues studied here were unlined channels or spaces encountered that could be shown to be a part of the lymphatic tributaries in the tissue proper.
Other investigators have stressed the fact that the terminal lymphatics are frequently in direct contact with the collecting venules of the microvascular system (4). We were able to corroborate this feature in the mesentery with intravital micrh3scopy, as well as in specially osmium-fixed tissue prepared for electron microscopy.
There are, however, many terminal lymphatics that course independently of the small blh?oc / vessels. I-n a previous paper ( 15), it was pointed out that the Starling hypothesis is predicated on the exchange of fluid be.tween two fluid compartments separated by a semipermeable barrier and that these conditions are not met insof'dr as the blood and interstitium per se are concerned. The close juxtaposition of some terminal lymphatics and the collecting venules seen in vivo has been corroborated by histological evidence. The structural arrangement whereby blood and lymph are separated by a thin permeable barrier on the venous side is highly suggestive of a secondary mechanism for fluid exchange between blood and lymph. The nature and extent of such exchange need to be explored.
The direct transfer of blood into the terminal lymphatics has been reported by several investigators (23), most strikingly in the rabbit ear chamber (4). A similar phenomenon is seen in the mesentery when the tissue is handled excessively and in the mesentery of rats exposed to whole-body X irradiation at a time when they show a marked bleeding tendency and coagulation defect. It is at this stage that the venules show a predilection toform petechiae and numerous red blood cells are seen in the terminal lymphatics (29). The observations on the larger vessels add little to the finer morphology of the collecting lymphatics, other than to support the observations of others (1) that these vessels are contractile.
The vessel wall appears distinctly thicker than that of the terminal lymphatics, a fact confirmed by numerous ultrastructural studies that indicate the presence of smooth muscle (6). The presence of smooth muscle is suggested by the fact that the collecting channels can be made to contract by mechanical stimulation or stretching with microneedles, in contrast to the terminal lymphatics, which are unaffected by such manipulation.
Pressure distribution. small molecules diffuse freely across the mesothelial surface, but the extent to which proteins in the suffusing fluid can penetrate into the interstitium is essentially unknown.
Our own data with protein concentrations ranging from 0.25 to 2.0 % show no effect on terminal lymphatic PI, values. There remains the possibility nonetheless that in situ (intra-abdominal) interstitial and lymphatic pressures may be different from those observed in the intravital mesentery preparation.
It has been proposed (10) that the osmotic and hydraulic pressures in the interstitium may be the decisive factors determining the exchange of fluid between the interstitium and the lymphatics. The development of a hydrostatic pressure in the tissue proper (Pt) would depend on the compliance of the interstitial gel. Conflicting evidence has been presented concerning the compliance of interstitial tissues in muscle (7) and in skin (8). For the most part, Pt has been considered to be small and to remain relatively unchanged, a concept essentially in line with the PL measurements cited for the mesentery. There is a good possibility that Pt in other tissues, as well as PL, may be quite different from that in the mesentery.
The pumping action of the larger lymphatics represents an obvious mechanism for drawing fluid into the terminal lymphatics as the contracted vessels relax. Our evidence suggests that the stimulus responsible for the spontaneous contractility of the collecting lymph channels may be myogenie in nature-e. g., the simultaneous pressure tracings that show a threshold level coincident with the onset of contraction.
A striking increase in spontaneous activity occurs during hemorrhage in the rat mesentery and has been reported by others as well (I, 11). The hemorrhage experiments suggest that either a neurogenic or chemical mediator is involved, since the pressures in the lymphatics fall with the onset of hypotension so that the pressure threshold that is normally coincident with the onset of lymphatic vessel contraction is reduced in a given experiment to almost half.
A pressure gradient in the collecting lymphatics was found not only in the mesenteries of species where these channels display spontaneous contractile behavior, but also in the cat, where no spontaneous activity was seen. In the latter, 
